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intense  relativistic  electron  beam  will  ^ discussed.  In  this  scheme  ions  are  trapped  in  the  potential 
well  of  a low  phase  velocity  space  charge  wave  and  accelerated  by  gradually  increasing  the  phase 
velocity  of  the  wave.  One  way  of  accelerating  the  wave  is  by  propagating  the  electron  beam  through 
a converging  waveguide.  The  converging  structure  has  the  effect  of  increasing  the  election  beam 
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velocity  space  char^  waves  in  a loaded  waveguide.  At  the  limiting  election  beam  current  the 
minimum  phase  velocity  of  a space  charge  wave  approaches  zero.  By  lining  the  converging  guide 
accelerator  with  an  appropriate  frequency  dependent  dielectric  material,  the  initial  phase  velocity 
can  be  made  small  enough  to  trap  low  energy  protons  (^5  MeV)  at  currents  below  the  limiting 


current.  The  electric  field  associated  with  the  accelerating 


wave  can  be  as  high  as  a MeV/cm. 
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A DIELECTRICALLY  LOADED  CONVERGING  GUIDE  ACCELERATOR 


I.  INTRODUCTION 

Attempts  to  generate  high  fluxes  of  very  energetic  ion  beams 
have  turned  to  collective  acceleration  schemes.  During  the  past  several 
years  a number  of  new  collective  accelerators  have  been  proposed,  which 
in  principle  could  generate  ion  currents  orders  of  magnitude  larger  than 
conventional  accelerators.  The  idea  common  to  the  collective  accelera- 
tors is  the  introduction  of  an  active  medium  in  which  a potential  well 
is  formed  and  gradually  accelerated  to  high  velocities  carrying  with  it 
trapped  ions.  The  use  of  non-neutral  intense  relativistic  electron 
beams,  IREBs,  seems  a natural  choice  for  the  accelerating  medium.  Space 
charge  electric  fields  produced  by  IREBs  are  capable  of  reaching  values 
which  are  a few  times  10^  volts/cm.  The  advantage  of  using  IREBs  for 
producing  fields  of  this  magnitude  is  that  they  form  absolute  potential 
wells  providing  transverse  and  logitudinal  trapping  of  ions.  One  class 
of  collective  acceleration  schemes  relies  on  the  formation  and  accelera- 
tion of  a single  electrostatic  potential  well  associated  with  the  front 

1-13 

of  the  intense  electron  beam.  By  carefully  controlling  the  velocity 
of  the  single  potential  well,  ions  trapped  in  the  well  can  be  accelerated. 

Note:  Manuacript  submitted  November  14,  1977. 
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Another  class  of  collective  accelerators  relies  on  the  regula- 
tion of  the  phase  velocity  of  a wave  containing  trapped  ions.  The  wave 
may  be  either  a cyclotron  or  space  charge  eigenmode  supported  on  an  IREB. 

The  wave  accelerator  which  utilizes  the  cyclotron  mode  is  the  Auto 

14-17 

Resonant  Accelerator,  ARA.  In  the  ARA  concept,  an  axially  symmetric 

slow  cycloron  wave,  initially  having  a low  phase  velocity,  is  accelerated 
by  gradually  decreasing  the  external  axial  magnetic  field.  Ions  which 
are  trapped  in  the  low  phase  velocity  region  remain  trapped  and  are 
accelerated  if  the  magnetic  field  is  properly  tapered.  Since  the  external 
magnetic  field  is  decreasing  as  a function  of  axial  position,  the  beam 
diameter  increases,  thus  requiring  the  waveguide  diameter  to  increase. 

A more  recently  proposed  collective  wave  accelerator,  the  Con- 
verging Guide  Accelerator,  CGA,  is  based  on  controlling  the  phase  veloc- 

18-20 

ity  of  a space  charge  wave.  Large  amplitude  space  charge  waves  can 
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be  grown  on  I REBs  by  propagating  the  beam  through  a slow  wave  structure. 

In  the  simplest  version  of  the  CGA  a space  charge  wave  supported  by  an 
IREB  propatating  through  a cylindrical  waveguide  is  accelerated  by  adia- 
batically  decreasing  the  waveguide  radius.  A strong  uniform  magnetic 
field  along  the  axis  of  the  converging  waveguide  prevents  transverse 
electron  motion.  Since  the  energy  of  the  electron  beam  increases  as  it  pro- 
pagates through  the  converging  guide  it  becomes  possible  to  regulate  the 
phase  velocity  of  an  imposed  large  ampl  itude  space  charge  wave.  A possible 
difficult  with  the  initial  version  of  the  CGA  occurs  at  low  phase  velocities, 

Vph  > 0. 3c.  In  order  to  achieve  low  phase  velocities  at  the  input  of  the  wave  - 

guide,  electron  beam  currents  close  to  the  1 imiting  current,  as  determined  by 

23  24 

the  dimensions  of  the  guide,  are  required.  ’ Operating  very  close  to  the 
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limiting  electron  beam  current  may  be  difficult  for  a number  of  reasons: 

i)  the  phase  velocity  is  very  sensitive  to  the  electron  beam  current, 

ii ) attempts  to  grow  a space  charge  wave  may  result  in  the  formation  of  a vir- 
tual cathode,  and,  iii)  slight  voltage  variations  on  the  diode  might  cause  the 
beam  current  to  exceed  the  limiting  current.  At  higher  initial  phase 
velocities,  corresponding  to  injected  ion  energies  40  MeV,  operation  near 
the  limiting  current  is  not  necessary.  Therefore,  the  original  version 
of  the  CGA  seems  promissing  as  a second  stage  of  an  accelerator  in  which 
protons  are  injected  at  40  MeV  energies  or  higher. 

As  indicated,  the  phase  velocity  of  the  slow  space  charge  wave 
approaches  zero  as  the  beam  current  approaches  the  limiting  current. 

For  a fixed  radius  waveguide,  the  limiting  current  can  be  increased 
by  the  insertion  of  a dielectric  liner.  However,  even  in  a dielectri- 
cally loaded  wave  guide  zero  phase  velocity  space-charge  waves  occur 
only  at  the  limiting  current.  There  seems  to  be  no  obvious  way  to 
obtaining  zero  phase  velocity  space  charge  waves  on  beams  propagating 

below  the  limiting  current,  without  resorting  to  periodic  wave  guide 
25 

structures.  However,  we  will  show  that  a dielectric  liner  with  a 
monotonically  decreasing  dielectric  constant,  as  a function  of  frequency, 
can  be  used  to  effectively  lower  the  phase  velocity  of  the  slow  space 
charge  wave.  By  lining  the  walls  of  the  converging  guide  accelerator 
with  a frequency  dependent  dielectric  lower  phase  velocity  space  charge 
waves  can  be  propagated  on  the  electron  beam.  This  modification  of  the 
CGA  concept  may  significantly  relax  the  initial  energy  required  of  the 
injected  protons. 


I 

I 
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II. 


DIELECTRIC  LOADED  WAVEGUIDES 


The  waveguide-beam  configuration  is  shown  in  Figure  1,  the 

electron  beam  is  infinitely  thin.  Ax  -►  0,  constrained  to  move  only  in 

the  axial  direction  by  a large  magnetic  field,  B„e_.  The  electron  beam 

0 z I 

is  symmetrically  located  between  the  conducting  plates  of  the  dielectri- 
cally loaded  waveguide.  This  configuration  is  a model  for  a thin  annular 
beam  propagating  through  a dielectrically  loaded  cylindrical  waveguide 
with  a center  conductor  when  the  aspect  ratio  is  large.  The  dielectric 
material  is  assumed  to  be  anisotropic  and  frequency  dependent.  Since 
the  electron  beam  is  symmetrically  located  within  the  guide,  only  modes 
with  axially  symmetric  logitudinal  electric  fields  will  be  considered. 

a)  Limiting  Current 

The  limitations  on  the  electron  beam  current  in  a dielectrically 
loaded  waveguide,  as  in  an  unloaded  waveguide,  arise  from  the  self- 
electrostatic potential  of  the  beam.  Taking  the  potential  at  the 

conducting  plates,  x = +X2,  to  be  zero  and  assuming  that  the  beam  rise 

26 

time  is  sufficiently  long  so  that  the  D.C.  dielectric  constant  can  be 
used  we  find  that  the  steady  state  electrostatic  potential  on  the  z-axis 
is 

-4Tr|e|n.  Ax 

^(x  = 0)  = 

where  nj^  is  the  local  beam  density,  Xg^  - ^2  ~ ^ ^2  - X2j(l-ej^^(u))) 

and  ej^(O)  > 1 is  the  D.C.  dielectric  constant  which  is  assumed  lossless. 

The  potential  drop  from  the  edge  of  the  beam,  x = ± A x/2  to  the  center 
of  the  beam,  x = 0,  is 
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(2) 


X"^(0) 


<J>(x=0)  2 

For  a thin  beam  the  potential  depression  across  the  beam  can  be 
very  small  compared  to  the  potential  at  the  beam.  Therefore,  a uniform 
density  and  velocity  profile  across  the  beam  can  be  assumed.  The  current 
of  the  planar  beam  of  width  L along  the  y axis  is  given  by: 

“ ®e  ( ^inj  ' ^e)  ^0 


(3) 


where  1^  = |e(n|^cegLAx,  3g  = v^/c, 


lo  = (mgC^/!el)(L/2Tr)x"^(0).  m^c^/\e\  = 17  x 10^  A and 


2 . 


(Y^^j-l)mgC  is  the  kinetic  energy  of  the  electrons  at  the  anode. 


The  maximum  or  limiting  current  is  given  by: 


‘l  ' 'o 


(4) 


and  occurs  when  y. 


(y.  The  presence  of  the  dielectric 


'e  'L  ''lnj‘ 

increases  the  maximum  current  that  can  be  passed  through  a waveguide  of 
fixed  outer  dimensions.  In  terms  of  the  ratio  R h the  local  beam 
plasma  frequency  in  a dielectrically  loaded  guide  is  given  by 


% = 2Yg  €/(AxX(0)) 


(5) 


where  wjj  = (47r|e)^njj/mg)^'^^,  C = (YLBL/(YgBg))^  R < 1 and 


6l  = (1  - 1/Yl)^^^. 


b) 


Wave  Characteristics 


In  an  infinite  axial  magnetic  field  the  linear  beam  current 
density  is  given  by 


2/  3 


• f 

" 4?  / ..  !x2  ^z 


(6) 


(uj-Vgk) 


J 


The  symmetric  axial  electric  field  in  the  region  o < |x|  < Xj  is: 

(x.z.t)  = Eq  {cosh(qx)  - q ^ sinh  (qx)}  exp  i(kz-a)t)  (7a) 
and  for  Xj  < |x|  < X2,  is  given  by 
E^  (x,z,t)  = Eq  {cosh(qXj)-q  ^ sinh  (qx^)} 


sinh  (q  (x2-x)) 
sinh  (q  X2j) 


exp  i (kz-oot) 


(7b) 


where  is  the  amplitude  of  the  axial  electric  field  at  the  beam 

q = (k^  - = V (1  - (oOb/Ye)/(a)-v^k)2}  , 


and  q = v^(a))  (k^/e  (w)  - u)^/c^)^^^  . 


The  components  of  the  dielectric  constant,  and  e^,  are  assumed  to  be 

frequency  dependent.  The  remaining  field  components,  E and  B , can  be 

X y 

obtained  from  the  axial  electric  field.  It  is  not  difficult  to  show 
that  the  linear  dispersion  relation  under  the  stated  assumptions  is: 


(q/cDe^  (w)  coth  (qx2j)  = tanh  (qx^) 


jq  ^ (^)  coth  (qx^)-l[ 
jl-q  ^ (^)  tanh  (qxj)j 


(8) 


The  exact  characteristics  of  the  slow  space  charge  wave  will  depend  on 
the  form  of  £j^(w)  and  £^(a))  as  determined  by  the  dielectric  material. 
Since  the  slow  space  charge  wave  has  low  phase  velocities  when  qx2j  < 1, 
for  0)  and  k small,  a small  argument  expansion  of  the  dispersion  relation 
in  Eq.  (8)  is  appropriate  and  yields. 


(o)  - Vgk)^  = C8g  (c^k^X(a))  - 10^X2) 

2 

where  the  expression  for  in  Eq.  (5)  was  used.  Solving  (9)  for  the 
phase  velocity  of  the  slow  space  charge  wave  as  a function  of  to  gives 
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(10) 


Bgd  - CA(a))/A(0)) 

1 + (5X(a))A(0))^''^  jl-e^  ^ (1  - 5A(u))/X(0)]j^/^ 

where  8pj,  = <i>/(ck).  For  small  frequencies  and  wavenumbers  the  phase 
velocity  of  the  slow  space  charge  wave  is  independent  of  When 

the  dielectric  constant  is  independent  of  frequency,  we  find  that 
\{ui)/\{0)  = 1 and  the  expression  for  the  phase  velocity  reduces  to  the 
form: 

Bgd  -g) 

^h  " 1 + d -8g  X2A(0)d  - 

This  shows  that  the  zero  phase  velocity  can  only  be  achieved  when 
5=1,  i.e.,  at  the  limiting  current,  independent  of  the  dielectric 
constant.  At  currents  below  I|^  the  presence  of  a frequency  independent 
dielectric  increases  the  phase  velocity  as  compared  to  the  phase  velocity 
in  the  absence  of  the  dielectric.  We  now  observe  from  Eq.  (10)  that  the 
phase  velocity  can  be  substantially  reduced  if  the  dielectric  constant 
decreases  monotonically  with  frequency.  In  this  case  e^(0)  > e^(w)  and 
as  a result  x(a))  > X(0)  reducing  the  phase  velocity  below  the  value 
obtained  when  the  dielectric  is  frequency  independent  and  below  the 
value  achievable  in  the  absence  of  any  dielectric. 

It  is  advantageous  to  have  the  dielectric  constant  e(a))  approach 
unity  as  a function  of  frequency  rapidly  to  avoid  stimulated  Chernekov 
radiation  when  the  beam  mode  intersects  higher  TM  waveguide  modes.  We 
have  also  found  that  a low  frequency  Cherenkov  instability  can  occur. 

To  prevent  low  frequency  Cherenkov  instabilities  we  see  from  Eq.  (10) 
that  the  following  condition  must  be  satisfied: 


7 


(12) 


X(co)  > 

^ ' X(0)  , . p 2 • 

X2  ^ ^ e 

Since  the  dielectric  constant  has  been  chosen  to  be  a montonically 
decreasing  function  of  frequency  it  is  sufficient  to  satisfy  the 
inequality  in  (12)  at  uj  = 0. 

The  maximum  linear  accelerating  electric  field  is  reached  when 
the  electrons  of  the  beam  begin  to  trap  in  the  logitudinal  wave;  at 
this  point  linear  theory  breaks  down.  Electrons  begin  to  trap  when,  in 
the  wave  frame,  the  potential  of  the  wave  equals  the  kinetic  energy  of 
the  particles.  In  the  laboratory  frame  this  corresponds  to  the  electric 
field 

2 

'^ew  - -RT 

where  = (1  - and  = YgYp^tl  -Be^ph^  relative 

gamma  between  the  electron  beam  and  the  wave.  Stated  in  another  way, 
linear  theory  breaks  down  when  the  perturbed  electron  densityi  6n, 
approaches  the  ambient  density  n^^;  this  occurs  when  the  electric  field 
has  the  value 


3,  .y2  "’o 


(14) 


The  expressions  in  Eq.  (13)  and  (14)  yield  roughly  the  same  estimate  for 
the  maximum  electric  field.  Substituting  the  dispersion  relation  of 
Eq.  (9)  into  Eq.  (14)  we  find  that  the  ratio  of  the  maximum  accelerating 
field  to  the  self  electrostatic  field  at  the  surface  of  the  beam,  E, 
is  given  by 


-self’ 
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III.  DISCUSSION  AND  EXAMPLE 

The  unloaded  converging  guide  accelerator  concept  appears  to  be 
a viable  scheme  for  accelerating  protons  from  energies  > 40  MeV  to  final 
energies  of  % GeV.  For  initial  proton  energies  below  40  MeV  the 
relativistic  electron  beam  must  be  operated  very  close  to  the  limiting 
current  which,  as  pointed  out,  may  lead  to  practical  problems.  As  a 
possible  way  of  overcoming  the  need  for  high  energy  injected  ions,  a 
frequency  dependent  dielectrically  loaded  guide  has  been  considered. 

By  the  appropriate  choice  of  dielectric  material  the  phase  velocity  of 
the  negative  energy  space  charge  wave  can  be  reduced  to  the  point  where 
protons  at  energies  as  low  as  5 MeV  can  be  picked  up  and  accelerated. 

As  an  illustration  we  choose  a dielectric  material  with  the 
property  that  e(0)  = 10  and  e(w)  -*  1 for  large  frequencies,  where  o)  is 
the  frequency  of  the  accelerating  space  charge  wave.  The  parameters  of 
the  electron  beam  are  Yg  = 2,  R = Ig/I|_  = 0.8  and  ax  = 0.5  cm.  The 
electron  beam  current  per  unit  length  in  the  y direction  is  'x.  24  k A/cm. 
The  dispersion  curve  of  the  slow  space  charge  wave  for  these  parameters 
is  shown  in  Figure  2.  Figure  3 shows  the  phase  velocity  and  maximum 
accelerating  electric  field  as  a function  of  axial  wavenumber.  The 
actual  choice  of  dielectric  material  with  the  appropriate  frequency 
characteristics  and  electrical  properties  has  not  been  decided  upon. 

But  it  should  be  noted  that  many  materials  have  the  property  that  their 

dielectric  constant  is  a monotonically  decreasing  function  of  frequency. 

27 

For  example.  Ethyl  alcohol  has  a dielectric  constant  of  e = 24  at 
f = 10^  c/sec.  and  decreases  to  e = 1.7  at  f = 10^®  c/sec. 
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Fig.  3 — Phase  velocity  and  maximum  electric  field  associated 
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